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DESIGN AND TESTING OF A 
HIGH-HEAT-FLUX ELECTRON-BOMBARDMENT HEATER 

by 

R. D. Carlson and R. E. Holtz 

ABSTRACT 

The applications of electron-bombardment heating 
to l iquid-metal heat t ransfer and reactor safety experiments 
a re discussed. Space-charge-l imited heater operation with 
both triode and diode concepts and emission-l imited heater 
operation are evaluated. The design of a high-heat-flux, 
e lectron-bombardment heater (EBH) is presented. 

The operating results of the high-he at-flux EBH are 
presented. Heat fluxes ranging beyond 2.5 x lO' Btu/hr-ft 
were obtained. Long periods of EBH operation at high heat 
fluxes were achieved. Curves showing the operating charac
te r i s t i cs of the high-heat-flux EBH are also presented. 

I. INTRODUCTION 

One of the more severe problems involved in obtaining experimental 
heat- t ransfer information pertinent to generaPreactor technology and fast-
reactor safety-analysis techniques is the design and construction of a sa t i s 
factory heated section Heat fluxes well above lO' Btu/hr-ft^ (perhaps up 
to 10' Btu/hr-ft^) may be required for studying the vaporization charac te r 
ist ics of the liquid meta l s . Many of the difficulties ar ise from the inability 
of heater sections to function properly. Most of these heater difficulties 
have been caused by mater ia l -expansion problems at higher t empera tu res . 

Different heating techniques have been applied in various heat-
t ransfer experiments involving liquid meta l s . This report examines 
electron-bombardment-heat ing techniques in detail. Design information 
and experimental resul ts pertinent to the operation of a high-heat-flux 
electron-bombardment heater , which can operate in both the space-charge-
limited region and the emission- l imited region, will be presented and 
evaluated. 

Considerable information has been published about liquid vaporiza
tion in various sys tems . Much of this information has been in the form of 



empirical results for use in boiling-water sys tems. Because of a growing 
interest in the safety aspects of fast reactors and in boiling-liquid tech
nology, recent efforts have attempted to supply information concerning the 
vaporization character is t ics of the liquid metals , especially the alkali 
metals. Vaporization experiments with water have taken place at tempera
tures relatively low when compared with the temperatures encountered 
during similar tests with liquid metals . 

In boiling-water studies, a tube containing the water is often 
resistance-heated. The generated heat flows from the metal tube to the 
water. An insignificant amount of heat is generated in the water because 
the electrical resistivity of the water is large compared with that of the 
metal tube. However, this heating technique is not applicable in experi
ments dealing with liquid-metal heat transfer because the electr ical r e s i s 
tivity of the liquid metal is approximately of the same order of magnitude 
as that of the containing walls. Different heating techniques must be used 
so that little or no heat is generated in the liquid metals , thus providing a 
technique for simulating reactor fuel elements. 

Some of the techniques presently being considered for investigations 
of boiling-liquid-metal heat transfer are; 

1. Modified resistance heating. 
2. Induction heating. 
3. Binary-system heating. 
4. Thermal-radiation heating. 
5. Electron-bombardment heating. 

The application of these heating techniques is summarized in Ref. 1. 

II. EBH BACKGROUND INFORMATION 

Electron-bombardment heating may be used for supplying heat to 
various out-of-pile tests which simulate reactor coolant dynamics. Taylor 
and Steinhaus^ have shown, during EBH tests with water , that electron-
bombardment heating is a satisfactory heating technique for both initially 
static and fIo\ving systems. More recent investigations ' have used 
electron-bombardment heating to supply heat to liquid-metal experiments . 

Electron-bombardment heating may be used in a system studying 
annular flow, flow through a tube, or flow through rod c lus ters . The basic 
system for coolant-dynamics testing in annular flow consists of two con
centric tubes with heat applied to the inside surface of the inner tube while 
the liquid metal flows in the annulus between the tubes. The heating is 
accomplished by placing an electron emitter (cathode) inside the evacuated 



inner tube (anode), heating the cathode, and drawing the electrons to the 
anode with an accelerating voltage. The generated heat then flows through 
the tube wall to the liquid metal inside the annulus. EBH tests supplying 
heat to sodium contained in an annulus have been conducted. 

The arrangement for using an EBH to supply heat to a liquid metal 
flowing inside a c i rcular tube consists of the electron emit ters (cathode) 
surrounding a flow tube (anode). The cathode may consist of many ver t i 
cally positioned wi re s , equally spaced around the flow tube. The electrons 
are drawn from the emi t te rs to the outside tube wall, and the heat gener
ated at the outside tube wall is conducted through the tube to the liquid 
metal . This EBH arrangement must be surrounded by radiation shields, 
which are at the same potential as the cathode. The EBH discussed in this 
report is of this type. 

When electron-bombardment heating is used, for studying coolant 
flow through c lus te r s , a group of heaters s imilar to those for studying flow 
through an annular section may be employed. These heaters may be posi
tioned to obtain the desired geometrical configurations. 

Initially, a smal l -sca le electron-bombardment heating model was 
constructed at Argonne to verify the uniform heat fluxes expected. This 
model consisted of a 0.020-in.-diam, uncarborized, thoriated-tungsten 
filament wire (cathode) inside a 0.5-in.-OD, Type 316 stainless steel tube 
(anode) of a 0.035-in. wall thickness. The heated length was 4 in. Chromel-
Alumel thermocouples were placed 0.5 in. from both ends of the heated 
length and in the center of the anode on the outside surface. During heater 
operation, the thermocouple at the center of the anode and the thermocouples 
at the ends gave identical temperature reading* at various heat fluxes. 
Heat fluxes up to approximately 800 Btu/hr-ft^ at the outside anode surface 
were obtained. Limitations of the available power supply caused the t e r m i 
nation of testing at these power levels. 

To gain experience with electron-bombardment heating at higher 
power levels than the previous experiment allowed and to check out the high-
voltage power supply required, another experiment was designed. This sys 
tem had a wire cathode placed inside a vert ical tube (anode) with liquid 
sodium surrounding the tube.* The system, shown schematically in Fig. 1, 
has a 16-in. heated length. The tubular anode was a 3/4-in. nominal-
diameter Schedule 160, Type 316 stainless steel pipe. Both tungsten and 
thoriated-tungsten wires of 0.030-in. diameter were used as the cathode. 
Chromel-Alumel thermocouples were placed in the anode wall to obtain 
tempera ture measu remen t s . Heat was removed from the system by means 
of cooling coils positioned above the liquid-sodium level on which the sodium 
vapors condensed. This system was pressur ized with an argon-gas blanket. 
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D.C. POWER SUPPLY 

EVACUATED AREA 

SODIUM LEVEL 

HIGH VOLTAGE TERMINAL 

T h i s e x p e r i m e n t w a s 

o p e r a t e d f o r m o r e t h a n 1 0 0 0 h r 

u s i n g b o t h t u n g s t e n a n d 

t h o r i a t e d - t u n g s t e n e m i t t e r s . 

U n i f o r m h e a t f l u x e s o v e r t h e 
1 6 - i n . h e a t e d l e n g t h r a n g i n g u p 

t o 3 . 7 1 x 10^ B t u / h r - f t ( 2 1 . 7 k W ) 

w e r e s u p p l i e d , a n d s o d i u m t e m 

p e r a t u r e s u p t o 1 6 0 0 ° F w e r e 

o b t a i n e d . 

H e a t f l u x e s p o s s i b l y 

r a n g i n g u p t o l O ' B t u / h r - f t ^ 

m a y b e o b t a i n e d b y u s i n g 

e l e c t r o n - b o m b a r d m e n t h e a t i n g . 

F a c t o r s t h a t l i m i t t h e m a x i m u m 

h e a t f l u x a r e t h e p o w e r - s u p p l y 

l i m i t a t i o n s a n d t h e t h e r m a l 

s t r e s s e s i n t h e t u b e ( a n o d e ) w a l l . 

Fig. 1. Schematic Diagram of Previous 
EBH Experiment 

H o w e v e r , t h e r e a r e 

m a n y d e s i g n p r o b l e m s a s s o c i 

a t e d w i t h t h e b u i l d i n g of a h i g h -

h e a t - f l u x E B H w h i c h w i l l b e u s e d t o h e a t l i q u i d m e t a l s r a n g i n g u p t o 2 1 0 0 ° F . 

T h e f o l l o w i n g s e c t i o n s of t h i s r e p o r t p o i n t o u t s o m e of t h e d e s i g n c o n s i d e r a 

t i o n s p e r t i n e n t t o t h e b u i l d i n g of a s u c c e s s f u l E B H a n d d i s c u s s t h e s u c c e s s 

fu l o p e r a t i o n of a h i g h - h e a t - f l u x E B H . 

I I I . E B H D E S I G N C O N S I D E R A T I O N S 

T h e r e a r e t w o m o d e s of E B H o p e r a t i o n . F i r s t , t h e h e a t e r m a y b e 
o p e r a t e d i n t h e s p a c e - c h a r g e - l i m i t e d r e g i o n . S e c o n d , i t m a y b e o p e r a t e d 
i n t h e e m i s s i o n - l i m i t e d r e g i o n . T h e g e o m e t r y of t h e h e a t e r a n d t h e m a g n i 
t u d e of t h e a n o d e v o l t a g e a r e t h e p r i m a r y f a c t o r s t h a t d e t e r m i n e t h e m o d e 
of o p e r a t i o n . If t h e a n o d e v o l t a g e i s h i g h e n o u g h f o r a g i v e n g e o m e t r y , t h e 
e l e c t r o n s e m i t t e d b y t h e c a t h o d e w i l l b e d r a w n to t h e a n o d e a t a r a t e e q u a l 
t o t h e e m i s s i o n r a t e . In t h i s c a s e , t h e a n o d e c u r r e n t i s l i m i t e d b y t h e 
e l e c t r o n e m i s s i o n r a t e of t h e c a t h o d e , a n d t h i s r e g i o n i s c a l l e d t h e 
e m i s s i o n - l i m i t e d r e g i o n . 

If t h e a n o d e v o l t a g e i s l o w e r e d t o a p o i n t w h e r e t h e e l e c t r o n s a r e 
e m i t t e d a t a r a t e g r e a t e r t h a n t h e e l e c t r o n r e m o v a l r a t e t o t h e a n o d e , t h e 
e l e c t r o n s c o n g e s t a r o u n d t h e c a t h o d e f o r m i n g a s p a c e c h a r g e . T h e a n o d e 
c u r r e n t i s t h e n l i m i t e d b y t h e a n o d e v o l t a g e , a n d t h i s r e g i o n i s c a l l e d t h e 
s p a c e - c h a r g e - l i m i t e d r e g i o n . 
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Most electron tubes operate in the space-charge- l imited region. 
The anode voltage controls the emission current in a diode, and the grid 
voltage controls the emission current in a tr iode. The requirements of an 
EBH must be considered, and the most suitable mode of operation and 
method of control chosen for the application. 

An EBH can operate only in an evacuated environment. If the ex
perimental apparatus to be heated can also be contained in a vacuum, a 
separate containment may not be necessary. A vacuum better than 10" Torr 
must be achieved for proper EBH operation, for the presence of even small 
amounts of gas can have a destructive effect on emi t te rs . 

Movement of the test apparatus during EBH operation may bend or 
break the fi laments, especially the extremely britt le carburized thoriated-
tungsten filaments. The movements that could occur are due pr imar i ly to 
thermal-expansion problems and vibrations. Hence, a method of heater 
removal and repair should be incorporated in the design 

The selection of cathode mater ia l for an electron tube is based on 
many factors , including geometry and operating power level. The three 
most commonly used electron emit ters are tungsten, thoriated tungsten, 
and oxide-coated cathodes Because of the high voltages and high tempera
tures associated with the high heat fluxes required in boiling-liquid-metal 
experiments , pure tungsten and thoriated-tungsten emit ters appear to be 
more feasible than oxide-coated emit ters for this application. Figure 2 

shows the emission charac
ter is t ics of tungsten and 
thoriated tungsten as predicted 
by Richardson's equation. 
Thoriated tungsten emits more 
electrons than does tungsten at 
the normal operating tempera
tures . Figure 2 does not show 
the effect of accelerating volt
age upon emission current . 

Figure 2 also shows 
that the electron emission per 
unit area increases with in
creasing tempera ture ; thus, 
the larger the area emitting 
electrons, the lower the tem
perature required for a given 
heat flux. For a fixed tempera

ture , the total number of electrons leaving a cathode of a given mater ia l is 
directly proportional to the cathode area. It is desirable to operate an 
electron emitter at a lower temperature so that the emission current may 

" 30500'K 
(THORIATED 

TUNGSTEN) 

1500 2000 
TEMPCRATURE. 'K 

112-5619 Rev. 3 

Fig. 2. Electron Emission of Tungsten 
and Thoriated Tungsten 
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be better controlled; thus, for high-heat-flux applications, a cathode having 
larger emitting area may be superior to a cathode of smaller area . Hence, 
the cathode shape is of considerable importance in the design of an electron-
bombardment heater, especially for operation in the emission-l imited region. 

Thoriated tungsten is carburized to give long, stable life. Carbon 
will be evolved during the life of the heater , principally in the form of ca r 
bon monoxide (CO). Thermodynamic calculations show that one 7.5-in. 
heater section will yield approximately 1 /ig of carbon per hour of opera
tion. This rate could cause objectionable carburization of some of the 
material from which the experiment is constructed. Thoriated tungsten 
that has not been carburized may be used if this rate of evolution is objec
tionable. Provisions must also be made for heating this filament to higher 
temperatures for brief periods (sometimes called flashing) to reduce some 
of the thoria, and promote its diffusion to the surface of the wire . 

Since the anode tube contains the liquid metal , this tube mater ia l 
must be compatible with the liquid metal as well as being a satisfactory 
anode material . Of the available mater ia l s , the most satisfactory for this 
applicatioa are the Series 300 stainless steels and the refractory meta l s . 
The high heat fluxes obtainable from EBH's can cause severe thermal 
s t resses in the anode wall. The wall thickness, the strength of the mate
rial , and the thermal s t ress across the wall must be considered in the 
design. Operating the anode at a temperature high enough to s t r e s s - re l i eve 
the anode structure may prevent rupture at the very high heat fluxes. 

The methods of structural support must be considered. The cathode 
must be located accurately with respect to the anode to ensure a uniform 
power distribution. In addition to the method of cathode (filament) support, 
one must consider the problems that could occur because of thermal-
expansion differences and temperature gradients in the support s t ruc tures . 
It is also possible to design the EBH to be self-supporting to minimize the 
s t resses in the anode. 

IV. SPACE-CHARGE-LIMITED HEATER DESIGN 

This section describes the work performed under contract to 
Argonne National Laboratory (No. 057800). This study was conducted to 
determine the optimum design of a particular EBH. The study evaluated 
conceptual designs of a diode and a tr iode, both operating in the space-
charged-limited region. The following character is t ics were evaluated for 
each of these concepts: 

1. Voltage-current characteris t ics 4. Thermal stability 
2. Power capability 5. Materials compatibility 
3. Mechanical stability 6. Cathode mater ia l selection 
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A. Diode Concep t 

To a c h i e v e a h e a t flux of lO' B t u / h r - f t ^ a c r o s s a c y l i n d r i c a l s u r f a c e 
w h i c h i s 5 / 1 6 - i n . ID wi th a t o t a l p o w e r of 150 kW, the m a x i m u m h e a t e d 
l eng th w a s d e t e r m i n e d to b e 7.5 in . With th i s i n f o r m a t i o n , and the a s s u m e d 
n o m i n a l OD of 0.5 in . for the c y l i n d e r to be h e a t e d , the vo l t age and c u r r e n t 
of the d iode w e r e c o m p u t e d as a funct ion of ca thode r a d i u s for s p a c e -
c h a r g e - l i m i t e d o p e r a t i o n . T h e s e c a l c u l a t i o n s a r e s u m m a r i z e d h e r e , and 
the r e s u l t s a r e p r e s e n t e d in F i g . 3. 

M a x i m u m hea t flux 
M a x i m u m p o w e r 
L e n g t h of s e c t i o n 
O u t s i d e d i a m e t e r of 

s e c t i o n (nomina l ) 
P o w e r p e r unit length 

10 ' B t u / h r - f t ^ = 3150 w / c m ^ 
150 kW 
7.5 in . 

0.5 in. 
20,000 w / i n . 

UJ 5 

8 

E 
= 50 

E' 
S 20 

1 

1 

1 1 

EQ 

1 1 

I 1 

ATION ( I t 

1 

- -

" 

1 

- \^^ 

1 

1 1 1 1 

EQUATION 12) 

1 1 1 1 

-

*-
-

CATHODE RADIUS, in. 

Fig. 3 

Accelerating Voltage and Diode 
Current vs Cathode Radius 

112-9260 

C h i l d ' s l a w f o r c y l i n d r i c a l d i o d e c u r r e n t c o r r e c t e d f o r f i l a m e n t a r y 

c a t h o d e i s 

w h e r e t h e p e r v e a n c e i s 

fj- X 1 4 . 6 6 X 1 0 " ' L 0 .7 X 1 4 . 6 6 X 1 0 " ' ' x 7 . 5 
G = 

r a ( - B ) ' 0 .25(-B)^ 

and B^ is a funct ion of r ^ / r a (ca thode r a d i u s / a n o d e r a d i u s ) . The to ta l 

p o w e r is P = IVa-
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Combining the above t h r e e equa t ions y ie lds the fol lowing: 

Tin 
1.5 X 10=(0.25)(-B) 

' a 0.7 X 14.66 X 10" ' (7 .5 ) 

f̂ /̂  = 4.87 X \0\-Bf . (1) 

and 

150,000 (2) 

The emit t ing a r e a and to ta l c u r r e n t should be ad jus ted to k e e p the c u r r e n t 
densi ty below 0.3 Amp/cm^ . F i g u r e 4 is a plot of c u r r e n t d e n s i t y as a 
function of cathode r ad ius for two emi t t ing a r e a s . A s s u m i n g tha t s p a c e 
charge is not p r e s e n t , the field s t r e n g t h is g iven by 

E(r) 

r ln( ^ 

(3) 

1.00 

0.90 

o.eo 

0.70 

0.60 

o.so 

o.w 

0.30 

0.20 

0.10 

1 

\ 

\ 

— \^ 

-

1 

1 1 1 

^ V EMITTIwa 
X y AREAS 

^ ^ - ^ ^ ^ ^ ^ 30 cm^ 

^ ' " ' ^ ^ ^ . . . . ^ 60 cm' 

• 
1 1 1 

-

-

-

-

-

-

-

-

— 

Fig. 4 

Cathode Current Density 
vs Cathode Radius 

CATHODE RADIUS. I n . 112-8710 Rev. 1 

file:///0/-Bf
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Figure 5 is a plot of the field strength at the anode as a function of cathode 
radius for a constant power density at the anode. A field strength of 
25 V/mil is considered conventional for high-power electron tubes. 

u n o D E MOIUS, 

112-8712 Rev. 1 

Fig. 5. Field Strength at Anode vs Cathode Radius 

On the b a s i s of t h e s e c a l c u l a t i o n s , the following d e s i g n has b e e n 

chosen : 

Anode r a d i u s 
Ca thode r a d i u s 
M a x i m u m c u r r e n t 
M a x i m u m c u r r e n t 

d e n s i t y (ca thode) 
Ca thode 

P e r v e a n c e (one sec t ion) 

0.25 in. 
1.8 in. 
15 Amp 

0.247 A m p / c m ^ 
20 w i r e s of 0 .020- in . d i a m e t e r , 

equa l ly s p a c e d , 6 0 - c m a r e a 
15 X 1 0 ' ' 



16 

This calculated current-voltage relationship and the power capa
bility for this design are shown in Fig 

10.0 
ACCELERATING VOLTAGE, kv 

112-9262 

6. These p lo ts a r e b a s e d on s p a c e -
c h a r g e - l i m i t e d o p e r a t i o n w h e r e the 
diode vol tage has p r i m a r y c o n t r o l 
over the power d e l i v e r e d to the 
anode . T h e r e is s o m e s l igh t con 
t r o l in the t e m p e r a t u r e of the c a t h 
ode s ince it c o n t r o l s the a v a i l a b l e 
c u r r e n t dens i ty . Th i s c o n t r o l can 
be e x e r c i s e d by r e d u c i n g the t e m 
p e r a t u r e below that r e q u i r e d to 
d e l i v e r 0.247 A m p / c m ^ . T e m p e r a 
t u r e c o n t r o l of the ca thode has 
t h e r m a l lag a s s o c i a t e d wi th it , and 
s ince the f i l a m e n t i s d i r e c t l y hea ted , 
th i s lag is of the o r d e r of s e c o n d s . 
T h e r e f o r e p r i m a r y c o n t r o l r e s t s 
wi th the diode vo l t age . 

Fig. 6. Diode Current and Power 
vs Accelerating Voltage A lower hea t flux ove r a 

l o n g e r s e c t i o n can be ach ieved by 
ac t ivat ing i n c r e m e n t a l 7 .5 - in . s e c t i o n s . The p e r v e a n c e i n c r e a s e s l i n e a r l y 
with the n u m b e r of s e c t i o n s . A to ta l of t h r e e s e c t i o n s is c o n t e m p l a t e d . 
Table I p r e s e n t s the c h a r a c t e r i s t i c s for one, two, and t h r e e s e c t i o n s having 
the s a m e c a t h o d e - a n o d e spac ing . The c u r r e n t - v o l t a g e r e l a t i o n s h i p s and 
power capabi l i ty for t h e s e mu l t i p l e s e c t i o n s a r e shown in F ig . 6 w h e r e the 
s u b s c r i p t s ind ica te the n u m b e r of ac t ive s e c t i o n s . 

T A B L E I. C h a r a c t e r i s t i c s of O n e - . T w o - , and T h r e e - s e c t i o n Diode 

One Sec t ion Two S e c t i o n s 

O v e r a l l C h a r a c t e r i s t i c s 

Length , in. 
P e r v e a n c e 
Maximum power, kW 
Current, Amp 
Voltage, 1<V 
ID area of anode, cm^ 
Power density at ID of anode, w / c m ' 
Flux at ID of anode, Btu /hr- f t^ 

C h a r a c t e r i s t i c s at Heat F lux of 10*' B t u / h r - f t 

30 
7.5 
4.0 

7.5 
15 X 10" 
150 
15 
10 
45 .5 
3 150 
10' 

15 
30 X 10" 
150 
20 
7.55 
95 
1575 
5 X 10' 

Power , kW 
Current, Amp 
Voltage, kV 

Heat flux, Btu/hr-ft^ 
Power . kW 
Current, Amp 
Voltage. kV 

15 
3.74 
4.0 

C h a r a c t e r i s t i c s at 1% of M a x i m u m Flux 

10' 5 X 10" 
l . i 1.5 
0.94 1.2 

T h r e e Sec t ions 

2 2 . 5 
45 X I C ' 
114 
23 
6.45 
143 
797 
2.5 X lO' 

45 
11.2 
4 .0 

2 .5 X 10* 
1.14 
1.25 
0.11 



B. T r i o d e Concep t 

The c u r r e n t - v o l t a g e r e l a t i o n s h i p for a t r i o d e is g iven by 

i3/2 

W'f) 
where G is the p e r v e a n c e , V„ is the g r id b i a s , and fj is the amp l i f i c a t i on 
f ac to r of the t r i o d e . The p e r v e a n c e and a m p l i f i c a t i o n f ac to r a r e funct ions 
of the g e o m e t r y . F o r a g iven g e o m e t r y and a g iven anode v o l t a g e , the c u r 
r e n t to the anode m a y be cut off by choos ing 
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' g • y = Vco . 

T" T" 

w h e r e Vg is c a l l e d the cutoff vo l t age . The g r i d vo l tage can e x e r c i s e c o m 
ple te c o n t r o l o v e r the power d e l i v e r e d to the anode . 

V a r y i n g the g r i d vo l t age p e r m i t s the anode power or hea t flux to be 
v a r i e d ove r wide and c o m p l e x c y c l e s . The amp l i f i c a t i on f ac to r can be 

c h o s e n to m a k e the cutoff vo l tage a s m a l l 
f r a c t i on of the anode vo l t age . The c h a r a c 
t e r i s t i c c u r v e s plot ted in F ig . 7 show the 
r e l a t i o n s h i p be tween anode c u r r e n t and 
g r i d - b i a s vo l tage for a s e r i e s of anode 
v o l t a g e s . This g r a p h r e p r e s e n t s a s ing le 
t r i o d e s e c t i o n 7.5 in. long with an a m p l i f i 
ca t ion fac to r of 30 and a p e r v e a n c e of 
1.5 X 10"'. F igure 8 present s the power 
ava i l ab l e in th is t r i o d e . V a r i a t i o n s of two 
o r d e r s of magn i tude in anode power can be 
a c h i e v e d by changing the g r i d vo l t age a 
few h u n d r e d vo l t s . The c u r r e n t d e n s i t i e s 
r e q u i r e d for th i s o p e r a t i o n a r e of the s a m e 
o r d e r as t h o s e r e q u i r e d for the diode 
o p e r a t i o n . - 4 0 0 - 2 0 0 

GRID BIAS, V 

112-9261 Rev. 1 jl^g p e r v e a n c e of a c y l i n d r i c a l 

Fig. 7. Characteristic Curves for a Triode t r i o d e is g iven by 

1.466 x lO '^L 

Pcgii+-
1 

' gPcg 

r / p \2 
a / ca 

L g \'"cg/ J 

2/3"1 3/2 ' 

w h e r e rg and a a r e g r i d and anode r a d i i and the c o m b i n a t i o n s u b s c r i p t s 
i n d i c a t e tha t P ' is to be d e t e r m i n e d by the r a t i o of the r a d i i of the e l e c 
t r o d e s i n d i c a t e d by the s u b s c r i p t s . A f o r m u l a that is va l id ove r the 
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comple te r a n g e of v a r i a b l e s does not ex i s t for the amp l i f i c a t i on f ac to r of 
a t r i o d e . Hence , v a r i o u s a p p r o x i m a t i o n s a r e u s e d o v e r l i m i t e d r a n g e s of 
e l e c t r o d e d i m e n s i o n s in spec i f ic g e o m e t r i e s . The m o s t usefu l f o r m u l a 
for the i n s i d e - a n o d e g e o m e t r y of the EBH is g iven by 

-27T/r - r 

M = 
(••g- '^a) 

s .̂ n I 2 sin 

w h e r e s i s the space be tween g r i d w i r e s . 

100 
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1.00 
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1 1 
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1 1 1 1 
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/ 

1 

1 
1 

1 
1 

-
-

-

-

-

1 
-800 -600 -too -200 

GRID 8IAS, volts 

112-8708 Rev. 1 

Fig. 8. Triode Power Output 

In g e n e r a l , t h e a m p l i f i c a t i o n f a c t o r s a n d p e r v e a n c e a c h i e v e d i n 
p r a c t i c a l d e s i g n s a r e l o w e r t h a n t h o s e c a l c u l a t e d f r o m t h e f o r m u l a . A n 
a m p l i f i c a t i o n f a c t o r of 30 a n d a p e r v e a n c e of 1 5 x 10^ c a n b e a c h i e v e d 
w i t h a t r i o d e of t h e f o l l o w i n g d i m e n s i o n s : 
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Anode r a d i u s 0.25 in . 
Ca thode r a d i u s 1.8 in. 
G r i d r a d i u s 1.5 in . 
Space b e t w e e n g r i d w i r e s , s 0 .235 in . 
G r i d - w i r e d i a m e t e r 0.020 in . 
N u m b e r of g r i d w i r e s 40 

A usefu l t r i o d e d e s i g n cou ld be m a d e s i m p l y by adding a g r i d (of 
r a d i u s 1.5 in . ) to the diode d e s i g n . The c h a r a c t e r i s t i c c u r v e s of F i g s . 7 
and 8 cou ld p r o b a b l y not be a c h i e v e d in p r a c t i c e , but the d i f f e rence would 
not be s ign i f i can t . T h a t i s , the c u r v e s would be shif ted s l igh t ly in s lope 
and i n t e r c e p t , but the s a m e p o w e r l e v e l s could be a t t a ined at n e a r l y the 
s a m e va lue of g r i d vo l t age and anode v o l t a g e . 

C. E v a l u a t i o n and D e s i g n 

T a b l e II p r e s e n t s t y p i c a l o p e r a t i n g da ta for t h r e e d i f ferent f i l a m e n t a r y 
c a t h o d e s at the r e q u i r e d c u r r e n t d e n s i t y . The e s t i m a t e s of o p e r a t i n g power 
inc lude p r o v i s i o n s for end l o s s e s f r o m e a c h f i l a m e n t . T h o r i a t e d t u n g s t e n is 
p r e f e r r e d o v e r t u n g s t e n in e l e c t r o n t ubes b e c a u s e of i t s g r e a t e r e f f ic iency , 
that i s , a g r e a t e r e l e c t r o n d e n s i t y for a g iven hea t ing p o w e r . T h i s g r e a t e r 
ef f ic iency a l l o w s an o v e r a l l r e d u c t i o n in hea t wh ich m u s t be d i s c h a r g e d f r o m 
the s y s t e m . Rad ian t e n e r g y f r o m the f i l amen t c o n t r i b u t e s to the to ta l p o w e r . 

T A B L E II. T y p i c a l O p e r a t i n g Data for T h r e e Cathode M a t e r i a l s 

C a r b u r i z e d 
T h o r i a t e d T h o r i a t e d 
T u n g s t e n T u n g s t e n T u n g s t e n 

C u r r e n t d e n s i t y . A m p / c m ^ 0 .25 0.25 0.25 

O p e r a t i n g t e m p e r a t u r e , °C 1,750 1,900 2,200 

84 140 234 
E s t i m a t e d hea t ing p o w e r 
for a 0 . 0 2 - i n . w i r e 7.5 in. long, W 

C u r r e n t , A m p 12 14 18 

V o l t a g e , V 7 10 13 

To ta l p o w e r for 7 .6 - in . s e c t i o n , W 1,680 2,800 4 ,680 

T o t a l p o w e r for t h r e e s e c t i o n s , W 5,040 8,400 14,040 

Half of m a x i m u m anode c u r r e n t 
p e r w i r e , Amp 0 .375 0 .375 0 .375 

The e n e r g y r e q u i r e d to hea t the ca thode to the o p e r a t i n g t e m p e r a 
t u r e wi l l be d i s s i p a t e d p r i m a r i l y by t h e r m a l r a d i a t i o n and to a l e s s e r e x t e n t 
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by conduction. The radiated energy is available for heating, but the con
ducted heat is not useful for that purpose. The radiant energy incident on 
the anode cannot be determined directly. This energy will be absorbed by 
all other elements of the heater such as grids, supports, envelope, etc. All 
the energy will be removed from the system by the flowing liquid metal or 
by the water-cooled vacuum envelope. Thermal-expansion mismatch or 
thermal fatigue could cause faulty operation or even catastrophic failure. 
Table III shows some estimates of the energy and temperature distribution. 
The energy radiated by the filament is significantly greater than that radi
ated by the heated anode, and the contribution of both has been considered. 

TABLE III. Estimates of Energy and Temperature Distribution 

Carburized 
Thoriated 
Tungsten Tungsten 

Energy radiated from the tube, 
w/cm^ (12 60''C) 5 5 

Energy radiated by the filament, 
w/cm^ 24 63 

Energy conducted from each 
section, W 240 900 

Radiant energy absorbed by grid, 
w/cm^ 3.85 9.55 

Grid temperature required to 
reradiate all energy, "C 1329 1670 

Radiant energy absorbed by heat 
shield, w/cm^ 2 5 

Temperature of heat shield required 
to reradiate, °C 1013 1265 

The sectional concept of the heater does not allow for a sectional 
structure on the grid. One grid structure must extend over the entire 
22.5 in. of a three-section heater. Using 0.020-in.-diam wire for grid bars 
over this distance means that very little heat will be expelled from the grid 
by conduction, and the grid wire will approach the cathode temperature. 
Cooling the grid by adding cross bars and using extra heat sinks does not 
improve this condition without enlarging the cross-sectional area of the grid 
and therefore increasing the screening factor. A high grid temperature must 
therefore be accepted. This presents .difficulties from mechanical-structure 
considerations. At 1500°C, for instance, a tungsten grid wire 24 in. long 
will expand nearly 0.25 in. If anything restricts this simple elongation, the 
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grid wire will bend and change the spacing between the cathode and grid 
and seriously alter the perveance and the amplification factor. 

Because of heat conduction, the filament support s t ructure becomes 
a heat sink for the filament. The support member will not be attached to a 
heat sink of the vacuum chamber and will approach some equilibrium tem
pera tu re . Since this support member must maintain tension on the filament, 
the tempera ture profile is important. Molybdenum, the mater ia l intended 
for this application, recrys ta l l izes above 900°C and should be kept well be
low this t empera tu re . Rather than base this cr i t ical design aspect on calcu
lation, a bell jar test was conducted with a mockup of a filament and support 
s t ruc ture . In the cr i t ical region of the support s t ructure , temperature was 
less than 500°C. Therefore, a technique for supporting the filament wire 
with the necessa ry tension is definitely possible. 

Heat shields, which serve the dual purpose of ion collectors , can 
dissipate all absorbed radiant energy by emitting thermal radiation at about 
1000°C. This tempera ture will establish the interior ambient temperature . 
All exter ior heater -suppor t s t ructures will be below this temperature and 
are expected to be thermally stable. 

The heater must be mounted on, and carefully aligned with, the tubu
lar anode. If the thermal expansion of the anode is very close to that of 
high-purity alumina (94% AI2O3) ceramic , expansive contact between the tube 
and the heater can be accommodated by a sliding meta l -ceramic fit. This 
type of joint should permi t unres t r ic ted thermal cycling and provide good 
electr ical insulation. 

Mechanical stability has been studied ^ i th two experiments in mind: 
first , the requirement of being able to install and remove the heater without 
disturbing the anode; second, the requirement of maintaining alignment with 
the tube to provide the required heating uniformity. 

Two designs were considered for ease of installation; (1) the "clam
shell" approach; (2) the "C" shape with an opening slot sufficiently large to 
accommodate the tubular anode. Each of these designs calls for a stacked 
ser ies of ceramic and metal par t s which can be brazed or bolted together 
to form a rigid s t ruc ture . The C-shaped s t ructure may have a ver t ical cut 
equal to the filament and gr id-bar spacing without affecting the e lect r ical 
cha rac te r i s t i c s . The C-shaped s t ructure can be sufficiently rigid so as to 
be set in place on the tube. The clamshell design has two halves that must 
be assembled as they are piaced on the tube. The two halves can be inter
locked and held together by b racke t s . 

Each design therefore can fulfill the above requ i rements . The clam
shell design affords the additional advantage of access to inter ior par ts for 
inspection and repa i r s sucH as the replacement of broken fi laments. 
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The performance of the heater assumes a uniform heat flux or power 
density. Nonuniformities will result if the heater does not conform to the 
design perveance at each point. Variations in interelectrode spacing caused 
by nonconcentric alignment will alter the perveance and power distribution. 
For the diode, the increment of change in spacing is inversely proportional 
to a change in those dimensions, as shown in the following equation: 

3/2 

dl GVa 
dre ~~ ^d-^iJ ~ ^ c ( - r c a ) ' 

The cathode-anode spacing is of the order of inches, therefore var ia
tions of the order of 0.010 in. will result in a 1% variation in current to the 
anode. This precision is achievable and measurable , and this uniformity is 
acceptable. 

For the triode, the change in anode current is nnore dependent on 
changes in cathode-grid spacing than on grid-anode spacing, the form of 
the variation being similar to that of a diode, as shown in the following 
equation: 

di c; vy2 
= —•—;—; + higher-order t e r m s . 

drg rg(-/3|g) 

The cathode-grid spacing is of the order of a fraction of an inch while the 
variations in this spacing are still of the order of 0.010 in., making va r ia 
tions of several percent in anode current quite possible. In a triode with a 
24-in.-long grid, spacing variations may exceed 0.010 in. The filament may 
be spring-loaded and held in position reasonably well over a length of 7.5 in. 
The grid, being over three times as long as the filament and difficult to 
spring-load, presents alignment difficulties. 

The principal advantage of the triode is its ability to control the 
power rapidly over wide and complex cycles. The most immediate requi re
ment, however, is for a simple step function to higher or lower power levels. 
Responses of fractions of a second are possible for a diode or a triode sim
ply by a switch. 

This evaluation therefore recommends the diode for prel iminary 
design because it is less sensitive than the triode to variations in inter
electrode spacing while having equal capability to achieve the desired t ran
sients. Additional transient capability might be necessary for other 
applications. For exannple, studies of two-phase flow with exponential or 
sinusoidal power input could be required. These types of transient power 
pulses may be required to study some of the safety aspects pertinent to fast 
reactors. A triode which uses many diode par ts could be designed and built 
for this application. The principal features of the design are shown in Fig. 9. 
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iLUHINt CEmMIC 
STBUCTilRE 

THEIWAL RADUTIOM S H I E L D S - -
AND POSITIVE lOH OEIECTOH 

The basic design of the heater is modular, consisting of ceramic 
insulator assembl ies , filament support r ings, ion detector-heat shield as

semblies, and assembly hardware. 
The ceramic assemblies consist of 
a ceramic cylinder cut into sections. 
The filament supports £ind ion-
detector contact ring are held and 
indexed between the ceramic assem
blies by rods. Mechanical rigidity 
is achieved through use of rods 
which hold the end plates securely 
together. Each section and assem
bly is made as a clamshell lor 
assembly on the loop, and the two 
halves of the clcimshell are mounted 
together by brackets . 

The weight of the heater is 
supported from the top end plate, 
relieving the weight burden from 
the niobium tube. The heater is 
held in alignment with the tubular 
anode by a ceramic disk on the top 
and one on the bottom. Ceramic is 
used to prevent possible seizing of 
the top guide to the anode. Since 
there will be minor abrasion of the 
tubular anode, a reinforcing sleeve 
should pe used on that portion of 
the tube. 

ION DETECTOR 
rOHHECTOR 

THORIATED TUHOSTEH 
FILAMENTS 

FILAMENT CONNECTOR 

SUPPORT PLATE 

112-8867 
Fig. 9. Pictorial Drawing of EBH Design 

The ind iv idua l s p r i n g - l o a d e d s t r a i g h t - f i l a m e n t b a r des ign has been 
s e l e c t e d a s the m o s t p r a c t i c a l one f rom the s tandpoin t of c o n s t r u c t i o n , 
u n i f o r m i t y of hea t ing the anode , and ab i l i ty to r e p l a c e ind iv idua l e l e m e n t s . 
The f i l a m e n t e l e m e n t s a r e s t r a i g h t l eng ths of w i r e , wh ich a r e m e l t e d to 
f o r m a ba l l at e a c h end. The b a l l e d ends a r e he ld in a cup a r r a n g e m e n t of 
the f i l a m e n t - s u p p o r t r i n g s . Ind iv idual f i n g e r s of the f i l a m e n t - s u p p o r t 
r i n g s p r o v i d e the independen t s p r i n g loading for e a c h f i l amen t w i r e . 

To ach i eve u n i f o r m hea t ing of the anode , the f i l a m e n t s of ad jacen t 
s e c t i o n s of the h e a t e r m u s t o v e r l a p e a c h o t h e r to c o m p e n s a t e for the l o s s 
of e m i s s i o n due to end coo l ing . T h i s i s a c h i e v e d by s t a g g e r i n g the 20 f i l a 
m e n t s of e a c h ad jacen t s e c t i o n ; i . e . , on the two i n t e r n a l f i l a m e n t - s u p p o r t 
r i n g s , f i l a m e n t s wi l l a l t e r n a t e l y ex tend in o p p o s i t e d i r e c t i o n s . The f i n g e r s 
wi l l be ben t a l t e r n a t e l y up and down to p r o v i d e the d e s i r e d o v e r l a p of the 
f i l a m e n t s . 
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The ion detector-heat shield assembly consists of a ser ies of thm 
metallic '=heets separated by narrow rods mounted just inside the ceramic 
insulator The assemblies are supported by the bolts that hold the ceramic 
sections together. These assemblies serve the dual role of reducing radia
tion heat losses from the filament to the wall of the vacuum chamber and 
detecting positive ion current from the anode. The ion-detection system is 
a new concept that may prove useful m detecting the cri t ical heat-flux occur
rence or catastrophic failure of the loop mater ia l . The system is based on 
the concept that if a particular spot on the heated tube becomes overheated, 
evaporation of atoms and molecules in this region should increase apprecia
bly and the evaporated atoms will move into the electron s t ream incident on 
the tube. The probability for ionization will be quite high- An ion in the 
high electric field will be accelerated radially away from the tube. Some 
ions will strike the filaments, but most of the ions will pass through. The 
rate of ion collection on the ion detector-heat shield assembly can be r e 
corded using an external electronic circuit. 

This section has discussed space-charge-l imited EBH design and 
operation. However, the design presented here may also be operated in the 
emission-limited region. 

V. EMISSION-LIMITED HEATER DESIGN 

In the emission-limited region, the electron-emission rate from the 
cathode is determined primari ly by the cathode temperature Emiss ion-
limited operation occurs when the potential difference between cathode and 
anode (anode voltage) is sufficiently high so that all the electrons emitted 
by the cathode are drawn to the anode The electron-emission rate for EBH 
operation in the emission-limited region is expressed by Richardson's 
equation, 

i = aT^e • b /T . 

The heat generated at the anode surface is the product of the emission cur
rent and the potential difference between the cathode and the anode. 

Since the emission current m the emission-l imited region is con
trolled by the cathode temperature , the diode concept appears most accept
able. The basic system geometries for flow through a tube and for annular 
flow are shown in Figs. 10 and 11, respectively. When an EBH is operated 
in the emission-limited region, the cathode must be at a uniform tempera
ture so that a uniform heat flux is generated at the anode surface Refer
ence 1 examines the temperature distribution along the length of a wire 
cathode. These results indicate that the cathode surface temperature will 
be uniform, except for small end effects. 
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OUTER TUBE 

LIQUID METAL FLOW 

112-5654 

Fig. 10. EBH Arrangement for Tube Flow 

112-5618 

Fig. 11. EBH Arrangement for Annular Flow 

The spac ing b e t w e e n ca thode and anode i s not as c r i t i c a l in the 
e m i s s i o n - l i m i t e d r eg ion as in the s p a c e - c h a r g e - l i m i t e d r eg ion . A m i s 
a l i g n m e n t in the c a t h o d e - a n o d e spac ing in the s p a c e - c h a r g e - l i m i t e d r eg ion 
wi l l r e s u l t in an i n c r e a s e d e l e c t r i c f ield on one s ide of the anode , which 
wi l l d r a w e x c e s s i v e ena i s s ion c u r r e n t to tha t s ide of the anode , and a d e 
c r e a s e d e l e c t r i c f ield on the o t h e r s i d e , wh ich wi l l d r a w a m u c h s m a l l e r 
e m i s s i o n c u r r e n t to tha t s ide of the anode . In the e m i s s i o n - l i m i t e d r e g i o n , 
a m i s a l i g n m e n t wi l l not r e s u l t in uneven e m i s s i o n f rom the ca thode b e c a u s e 
the e l e c t r o n e m i s s i o n is c o n t r o l l e d by the ca thode t e m p e r a t u r e r a t h e r than 
by the e l e c t r i c f ie ld . 

F o r E B H a p p l i c a t i o n s to a n n u l a r flow, the ca thode i s l oca t ed in s ide 
the t u b u l a r anode (as shown in F i g . 11). As rioted in Sec t ion II (EBH BACK
GROUND INFORMATION) , t e s t i n g at Argonne has y ie lded hea t f luxes 
r ang ing up to 371,000 B t u / h r - f t ^ at the 0 . 6 0 8 - i n . - I D anode s u r f a c e . P o w e r -
supply l i m i t a t i o n s have p r e v e n t e d o p e r a t i o n a t h i g h e r power l e v e l s (heat 
f luxes ) . 

To a n a l y t i c a l l y d e m o n s t r a t e the feas ib i l i t y of an EBH for supplying 
high hea t f luxes in a n n u l a r flow, c o n s i d e r the h e a t e r shown in F i g . 11 . 
A s s u m e the fol lowing d i m e n s i o n s : Dc = l / S in . , Di = l / 2 in . , and 
Da = V / l 6 in . A s s u m e a p o t e n t i a l d i f fe rence of 20,000 V b e t w e e n ca thode 
and a n o d e . F i g u r e 12 shows the hea t f lux be ing supp l ied to the l i q u i d m e t a l 
p l o t t e d as a funct ion of ca thode t e m p e r a t u r e for t ungs t en and t h o r i a t e d 
t u n g s t e n . Hea t f luxes above IO*" B t u / h r - f t ^ m a y be ob ta ined wi th bo th t u n g 
s t e n and t h o r i a t e d - t u n g s t e n e m i t t e r s for a s y s t e m in which Dc = l / S in . 
and Di = l / 2 in . It i s a l s o ev iden t tha t h i g h e r hea t f luxes m a y be o b t a i n e d 
wi th t h o r i a t e d - t u n g s t e n e m i t t e r s than wi th t u n g s t e n , and tha t t h o r i a t e d -
t u n g s t e n e m i t t e r s o p e r a t e at l o w e r t e m p e r a t u r e s than t u n g s t e n e m i t t e r s . 
In t h i s a n a l y s i s , the e l e c t r o n e m i s s i o n was c a l c u l a t e d f r o m R i c h a r d s o n ' s 
equa t i on ; in p r a c t i c e , the e m i s s i o n c u r r e n t m a y be s o m e w h a t h i g h e r due to 
the f ie ld e m i s s i o n c a u s e d b y the p o t e n t i a l d i f f e rence b e t w e e n ca thode and a n o d e . 
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112-8698 
Fig. 12. Heat Flux vs Temperature for (A) Tungsten 

and (B) Thoriated-tungsten Emitters 

Having the f i l aments (cathode) s u r r o u n d the anode e n a b l e s h i g h e r 
heat fluxes to be suppl ied to the anode than in an annu la r flow d e s i g n . 
These higher hea t fluxes a r e due p r i m a r i l y to the l a r g e r ca thode a r e a for 
obtaining higher e m i s s i o n c u r r e n t s , and a l a r g e r spac ing b e t w e e n ca thode 
and anode for obtaining h ighe r po ten t i a l d i f f e r ences b e t w e e n ca thode and 
anode. 

The phys ica l s t r u c t u r e of the e m i s s i o n - l i m i t e d h e a t e r d e s i g n i s 
s imi la r to that of the s p a c e - c h a r g e - l i m i t e d d e s i g n . The p r i n c i p a l d i f fe r 
ences a re in the e l e c t r i c a l c i r c u i t r y and c o n t r o l . The ca thode vo l tage for 
the e m i s s i o n - l i m i t e d h e a t e r i s c o n s t a n t . The f i l amen t c u r r e n t i s v a r i e d to 
inc rease or d e c r e a s e the f i l ament t e m p e r a t u r e , which c o n t r o l s the e l e c t r o n 
flow from cathode to anode . Cont ro l l ing the f i l amen t t e m p e r a t u r e c o n t r o l s 
the power de l ivered to the anode . 

VI. E X P E R I M E N T A L APPARATUS 

A p ic to r i a l drawing of the EBH tha t has been d e s i g n e d and bu i l t , and 
is being tes ted at Argonne , i s shown in F i g . 9. The EBH des ign has b e e n 
discussed in Sect ions IV and V of th i s r e p o r t . 
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Figure 13 shows a pictorial drawing of the EBH, shielding, power 
leads , vacuum feedthrough, etc . All the major EBH components are labeled 
in Fig. 13. 

COOLANT OUTLET COOLANT INLET 

| | , - 2 0 0 AMP FILAMENT CURRENT 
FEED THRU 

VACUUM CHAMBER 
COVER 

CERAMIC STRUCTURE f ' 

CERAMIC INSULATED 
SUPPORT RODS 

THERMAL RADIATION 
SHIELD 

112-7826A 

FILAMENT CURRENT 
BUSS BAR 

— FILAMENT CURRENT 
LEADS (TYPICAL) 

FILAMENT - CATHODE 

FILAMENT SPRINGS 

FILAMENT TERMINALS 

Fig. 13. Pictorial Drawing of Test EBH 
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Since the anode is at ground potential and the filamentary cathodes 
at a negative 20 kV, the filament t ransformers must stand off the 

cithode voltages from ground. In addition, the filament current conductors 
v^hich lead into the vacuum chamber must car ry a relatively high current 
(200-400 Amp) and also stand off the cathode voltage from ground. 

Figure 14 shows a vacuum-chamber test facility which was used to 
test the EBH This facility is a 2-ft-diam x 4-ft-Iong vacuum chamber, 
with an attached 500-Iiter/sec ion pump. There is provision to flow a cool
ant through the center of the EBH. Depending upon the test , the coolant may 
be sodium, NaK, or water. 

COOLANT 

OUT IN 

HIGH VOLTAGE FEED THRU 
(TYPICAL OF 8) 

VACUUM CHAMBER 

ELECTRON BOMBARDMENT HEATER 

ROUGHING PUMP 

CONNECTION 

112-782.5A 

Fig. 14. Vacuum Cliambcr Test Facility 
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Since the anode t e m p e r a t u r e h a s an in s ign i f i can t effect upon the 
o p e r a t i o n of the E B H , w a t e r was s e l e c t e d as the coo lan t for the t e s t e x p e r i 
m e n t . T h e r e a s o n tha t the anode t e m p e r a t u r e h a s an in s ign i f i can t effect 
upon the e m i s s i o n c h a r a c t e r i s t i c s of E B H ' s u s ing e i t h e r t u n g s t e n o r 
t h o r i a t e d - t u n g s t e n f i l a m e n t s i s t h a t the only m o d e of hea t t r a n s f e r b e t w e e n 
the c a t h o d e and the anode i s t h e r m a l r a d i a t i o n . Hence the r a d i a t i o n hea t 
t r a n s f e r b e t w e e n ca thode and anode i s in f luenced by the anode t e m p e r a t u r e , 
as i n d i c a t e d in the e x p r e s s i o n 

^ c ^ t a ^ T ^ c - n -

H e n c e , when Tc > T a , T% » » T | , and the anode t e m p e r a t u r e (T^) does 

not have a l a r g e effect upon the ca thode t e m p e r a t u r e . 

F i g u r e s 15 and 16 a r e p h o t o g r a p h s of the EBH, showing the 
u n c a r b u r i z e d - t h o r i a t e d - t u n g s t e n f i l a m e n t s , the m o l y b d e n u m sh i e ld , the 
AI2O3 i n s u l a t o r , and the t u b u l a r anode . 

112-8803 
Fig. 15. Photograph of Assembled EBH 

112-8739 
Fig. 16. Photograph of Half-section of EBH 
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VII. E X P E R I M E N T A L R E S U L T S 

The EBH e x p e r i m e n t has been o p e r a t e d for m o r e than 700 h r . Hea t 
flnvps bevond 2.5 x lO' B tu /h r - f t ^ have b e e n supp l ied o v e r a 2 2 . 5 - i n . l eng th 
and over a 7.5-in. length to w a t e r flowing in a 0 . 5 0 0 - i n . - O D , 0 . 4 3 0 - i n . - I D 
tube Higher heat - f lux l eve l s could not be a t t a ined wi th t h i s e x p e r i m e n t a l 
setup because these hea t f luxes w e r e wi th in 10% of the c r i t i c a l h e a t - f l u x 
o c c u r r e n c e . The e m i s s i o n c h a r a c t e r i s t i c s of th i s E B H a r e shown g r a p h i 
cally in this sec t ion . 

F i g u r e 17 shows the diode c u r r e n t 
v e r s u s a c c e l e r a t i n g vo l t age for u n c a r b u r i z e d -
t h o r i a t e d - t u n g s t e n f i l a m e n t s in th i s E B H 
o p e r a t i n g over the 2 2 . 5 - i n . l eng th . In the 
s p a c e - c h a r g e - l i m i t e d r e g i o n , the e l e c t r o n -
e m i s s i o n c u r r e n t i s c o n t r o l l e d by the a c c e l 
e r a t i n g vo l tage and not af fec ted by ca thode 
t e m p e r a t u r e . (The ca thode t e m p e r a t u r e i s 
c o n t r o l l e d by the ca thode hea t ing p o w e r . ) 
Howeve r , in the e m i s s i o n - l i m i t e d r e g i o n 
(hor i zon ta l l i n e s ) , the e m i s s i o n c u r r e n t i s 
c o n t r o l l e d by the ca thode t e m p e r a t u r e and 
the a c c e l e r a t i n g vo l tage does not affect the 

As expec ted , the e m i s s i o n c u r r e n t i n c r e a s e s wi th i n -
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Fig. n . Diode Current vs Accelerating 
Voltage for 22.5-in.-long 
EBH Operation 

e m i s s i o n c u r r e n t 
c r e a s i n g c a t h o d e - h e a t i n g p o w e r 

F i g u r e 18 i s a p l o t of t h e e m i s s i o n c u r r e n t v e r s u s t h e a c c e l e r a t i n g 

v o l t a g e fo r v a r i o u s c a t h o d e t e m p e r a t u r e s f o r E B H o p e r a t i o n o v e r t h e 7 . 5 - i n . 

l e n g t h . T h e s e c u r v e s s h o w e s s e n t i a l l y t h e s a m e e f f e c t s a s t h e c u r v e s 

ACCELEBflTING VOLTAGE, 

112-9264 

Fig. 18. Diode Current vs Acceleraung Voltage 
for 7.5-iil.-long EBH Operation 
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in F i g . 17, excep t t ha t the ca thode t e m p e r a t u r e as wel l as the ca thode h e a t 
ing p o w e r a r e shown. O p e r a t i o n in bo th the s p a c e - c h a r g e - l i m i t e d and 
e m i s s i o n - l i m i t e d r e g i o n s i s shown. The ca thode t emperature was m e a 
s u r e d by u s i n g an o p t i c a l p y r o m e t e r . 

F i g u r e 19 shows the s a t u r a t i o n c u r r e n t p lo t ted a g a i n s t the ca thode 
t e m p e r a t u r e for u n a c t i v a t e d , u n c a r b u r i z e d - t h o r i a t e d - t u n g s t e n f i l a m e n t s in 
the E B H . H e n c e , t h i s c u r v e shows the po in t s of t r a n s i t i o n into the e m i s s i o n -
l i m i t e d r e g i o n at v a r i o u s ca thode t e m p e r a t u r e s . 
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Fig. 19. Saturation Current vs Cathode Temperature for EBH 

F i g u r e 20 is a plot of bo th the e x p e r i m e n 
t a l ly m e a s u r e d and c a l c u l a t e d c u r v e s of diode 
c u r r e n t v e r s u s a c c e l e r a t i n g vo l t age for s p a c e -
c h a r g e - l i m i t e d o p e r a t i o n . C u r v e s for bo th the 
2 2 . 5 - i n . - l o n g and 7 . 5 - i n . - l o n g E B H o p e r a t i o n a r e 
shown. The e x p e r i m e n t a l l y m e a s u r e d diode c u r 
r e n t s a r e h i g h e r than the c a l c u l a t e d diode c u r r e n t s 
dur ing bo th the 2 2 . 5 - m . - l o n g and the 7 .5 - in .-long 
E B H o p e r a t i o n . 

F i g u r e 21 shows the c u r r e n t w a v e f o r m s 
du r ing bo th s p a c e - c h a r g e - l i m i t e d and e m i s s i o n -
l i m i t e d o p e r a t i o n . A m o r e s t a b l e w a v e f o r m 
e x i s t s du r ing s p a c e - c h a r g e - l i m i t e d o p e r a t i o n t h a n 
du r ing e m i s s i o n - l i m i t e d o p e r a t i o n . The m o r e 
s t ab l e w a v e f o r m in the s p a c e - c h a r g e - l i m i t e d 
r eg ion is a c h i e v e d b e c a u s e the n u m b e r of e l e c t r o n s 

AOCELEKATWO W L T M E . kv 

•9265 
20. Diode Current vs Accel

erating Voltage fot 
Space -charge -limited 
EBH Operation 
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leaving the cathode is controlled by the accelerating voltage, whereas m 
the emi sion-limited region, the diode current is controlled by the cathode 
SeLperature (cathode heating power), which changes slightly because of 
variations in line voltage. 

SPACE CHARGE LIMITED OPERATION 

TRANSITION REGION 

Fig. 21 

Current Waveforms during 
EBH Operation 

EMISSION LIMITED OPERATION 

112-9329 

VIII. DISCUSSION 

The information contained in this report has shown that electron-
bombardment-heating techniques are capable of supplying high, uniform 
heat fluxes to high-temperature liquid metals . These experiments have 
demonstrated that EBH's can supply heat fluxes well above 2.5 x 10 Btu / 
hr-ft^. Also, Fig. 13 shows an EBH that has been designed to supply heat 
fluxes ranging up to lO' Btu/hr-ft^. 

Because of the limited operating experience with EBH's , some 
design problems may occur. Hence the building and operating of a proto
type heater may prove pertinent to the building of a high-heat-flux EBH 
for a particular application. Some areas in which design difficulties may 
occur are: filament support, temperature profiles, anode integrity at high 
heat fluxes, and anode concentricity and the associated nonuniform heat flux. 

The vacuum-chamber test facility at Argonne is being used for 
testing the EBH discussed in this report as well as other EBH's . Specific 
development will be in the area of small-diameter EBH's that can be used 
to simulate nuclear fuel rods in fast breeder reac tors . The study of the 
heat transfer from both single fuel pins and clusters of fuel rods is 
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pertinent to the fas t - reactor safety program in the U.S. A reliable EBH, 
which can be used for both steady-state and transient operation at high heat 
fluxes, will enable the simulating of both the pump-coast-down accident and 
the excess-of-react iv i ty accident. Since these fuel rods will probably range 
from 1/4 to 3/8 in. in diameter , the specific design problems will be close 
tolerances at high tempera tures and mater ia l compatibility. Electron-
bombardment heaters of this type are being designed and built to supply the 
necessary high heat fluxes for fast-reactor safety studies. 

Testing with the present tube-flow-type EBH has yielded heat fluxes 
ranging beyond 2 x lO' Btu/hr-ft^ over a 22.5-in.-long, 0.430-in.-ID tube 
and over a 7.5-in.-long, 0.430-in.-ID tube. These steady-state heat fluxes 
are being supplied during continuous operation in both the emission-l imited 
and space-charged- l imited regions. 

The present limitation upon the heat flux is the cri t ical heat-flux 
occurrence . In these initial tes ts , water is being used as the coolant, and 
the above heat fluxes approach the cri t ical heat-flux occurrence for the 
heated tube. Modifications to both the coolant system and the power supply 
are being planned so the heat flux range may be extended beyond the previ
ously obtained limits in future EBH tes t s . 
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